Background: Salivary duct carcinoma (SDC) is a highly aggressive subtype of salivary gland cancers and there is no established standard therapy for this disease. Thus, development of molecular markers for SDC will be important to guide the diagnosis and therapy of this aggressive tumor. Methods: We performed next-generation sequencing using the Ion Torrent AmpliSeq cancer panel, which explores the mutational status of hotspot regions in 50 cancer-associated genes, and we analyzed copy number variations (CNVs) of 21 genes by NanoString nCounter for 37 patients with SDC. Fluorescent in situ hybridization was also conducted to confirm ERBB2 gene amplification. Clinical records and tumor histopathology of the patients were retrospectively reviewed.
Background
Salivary gland cancers (SGC) are rare, accounting for fewer than 5% of all cancers of the head and neck [1] . SGC present numerous morphologic, biologic, and clinically diverse entities. Salivary duct carcinomas (SDC) are a rare and aggressive subtype of SGC [2, 3] . It bears a pathologic resemblance to ductal carcinoma of the breast and shares hormonal and molecular marker alterations with breast cancer [4] . SDC mainly arises de novo in the parotid gland and most patients are older than 50 years. The recurrence rate is high and metastases occur in lymph nodes, lung, liver, and bone [5] . Despite surgical resection and postoperative radiotherapy, SDC has an extremely poor prognosis [2, 4] and most patients with SDC die from progressive disease within 3 years [2, 6] .
To date, several chemotherapeutic agents have been tested but none have shown significant efficacy [7] . Although there are limited prior molecular studies of SDC, many of these studies have suggested that overexpression of epidermal growth factor receptor 2 (ERBB2, also known as HER2) is a common event in this tumor type. Expression of ERBB2 has been linked to early local disease recurrence, distant metastasis, and poor survival [2, 8] . In spite of the high incidence of ERBB2 gene amplification, as detected by fluorescence in situ hybridization (FISH), there has been no meaningful or reproducible response to ERBB2-targeted therapy [4, 9] . Furthermore, given the rarity of the disease, comprehensive analyses of biomarkers are limited. Thus, identifying the molecular genetic alterations in SDC should provide new opportunities for the development of therapeutics.
Significant improvements in sequencing technology and computational methods have led to the development of next-generation sequencing (NGS) platforms. Several NGS platforms are available for sequencing either targeted genomic regions or whole genomes/exomes to analyze a variety of disease-associated changes such as point mutations, insertions, deletions, and copy number variations (CNVs) [10] . These broad NGS applications have facilitated the discovery of novel genetic aberrations in disease and NGS may be a useful tool for mutation screening for diagnosis and discovery [11] .
In the present study, we used an AmpliSeq cancer panel and NanoString nCounter assay to determine cancerassociated mutations and CNVs in 37 SDC patients. CNVs of ERBB2 that were detected using NanoString nCounter assay were confirmed using FISH.
Methods
Tumor specimen and DNA extraction All procedures involving tumor specimen were reviewed and approved by the Institutional Review Board (IRB) of Samsung Medical Center (SMC). Patient records/information was anonymized and de-identified prior to analysis. We retrospectively identified 48 patients who were diagnosed with SDC at Samsung Medical Center from January 1997 to April 2010. A total of 37 cases of SDC had adequate tissue available for DNA isolation. Genomic DNA was extracted from formalin-fixed paraffinembedded tissue (FFPE) using the QIAamp DNA FFPE Tissue Kit (Qiagen). Purified DNA was quantitated using NanoDrop (Invitrogen Life Technologies) and Qubit (Invitrogen Life Technologies).
Next-generation sequencing
Ion Torrent Ion AmpliSeq Cancer Hotspot Panel v2 (Life Technologies) was used to sequence hotspot regions in 50 frequently mutated tumor suppressor genes and oncogenes. For multiplex PCR amplification, 10 ng of DNA (quantified by Qubit™ Fluorometer) was used and the custom Ion AmpliSeq panel was processed with Ion AmpliSeq Library kit 2.0 according to the manufacturer's instructions. The resulting amplicons were treated with FuPa Reagent to partially digest the primers and phosphorylate the amplicons. The amplicons were then ligated to the Ion Xpress™ Barcode Adapters (1- DB, dnsnp137, and annovar were used as annotation program.
Copy number alteration analysis
For detection of CNVs in salivary ductal carcinoma, a panel of customized gene probes was designed using NanoString nCounter technology and subsequently analyzed on the NanoString nCounter platform. NanoString probes were composed of the following 21 genes (in alphabetical order): AURKA, CCND1, CCNE1, CDK4, CDK6, CDKN1A, CDKN2A, EGFR, ERBB2, ERBB3, FGFR1, FGFR2, IGF1R, KLF5, KRAS, MDM2, MET, MITF, MYC, PIK3CA, TNIK. For the nCounter assay, 600 ng of genomic DNA was hybridized with the custom designed code set for 18 hours at 65°C and processed according to the manufacturer's instruction. The data were normalized to the invariant control probes and to positive and negative controls in each hybridization reaction.
Fluorescence in situ hybridization
To evaluate copy number changes in the ERBB2/HER2 gene, a 4-μm section of FFPE tumor tissue was analyzed by dual-color FISH using the PathVysion HER2 DNA Prove Kit (Abbott Molecular), which includes HER2 Spectrum Orange and centromere 17 (CEP17) Spectrum Green.
Statistical analysis
Patient characteristics were compared using chi-square and Fisher's exact tests (categorical variables). Survival time was estimated using the Kaplan-Meier method and compared for statistical differences by log-rank analysis.
Multivariate analysis was performed using stepwise cox proportional hazards regression modeling to assess the independent prognostic role of each clinicopathologic variable. Statistical analyses were performed using SPSS19.0 (SPSS Inc.) and statistical significance was considered to be p <0.05. 
Results

Clinical characteristics of the cohort
Characteristics of all 48 patients are listed in Figure 1) . Genes with identified mutations included APC (8 mutations), ATM (3), EGFR (7), ERBB2 (4), ERBB4 (5), FBXW7 (3), HRAS (2), KIT (7), KRAS (4), MET (1), PIK3CA (15), PTEN (10), SMAD4 (10), STK11 (4), and TP53 (33) ( Table 2 ). With the exception of TP53 and KIT mutations, the most frequently identified mutations were in PIK3CA (15 mutations in 9 patients). Three hotspot mutations (E542K, E545K, and H1047R) of PIK3CA were observed in 13.5% of patients (5/37). Although seven EGFR mutations were detected, there were no cases with activating EGFR mutations (exon 19 deletion or L858R), which are well-known gene abnormalities in non-small cell lung cancer. Interestingly, in addition to ERBB2 amplification, which is known to be a common event in SDC [4] , our results also revealed ERBB2 mutations in four patients at four different loci: I767M, D769Y, G776V, and V842I. The KRAS mutations identified in this study were not in codons G12, G13, or Q61, which impair the intrinsic GTPase activity of RAS and sustain the activation of RAS signaling [12] . The CNVs were also tested and validated by using NanoString nCounter technology. The results showed that 14 of the 21 genes had CNV, including both copy number amplifications and losses. These genes included CCND1 (83.7%), CDK4 (91.8%), CDKN1A (100%), CDKN2A (35.1%), EGFR Table 3) . Of note, ERBB2 exhibited the highest prevalence of strong gene amplification in SDC (Figure 2A ). Using FISH, we confirmed ERBB2 gene amplification in 29 cases of SDC. Representative images of SDC cases exhibiting ERBB2 gene amplification are illustrated in Figure 2B . As all patients in this cohort had ERBB2 gene amplification (copy number >2), we classified these patients into moderate (copy number <10) and strong (copy number >10) amplification of ERBB2. When survival was analyzed according to amplification status of ERBB2, there was no difference in disease-free survival and overall survival between the two groups ( Figure 2C ).
Impact of molecular marker status on clinical outcomes
Given the high incidence of PIK3CA or ERBB2 gene abnormalities in this cohort, we investigated the association between molecular status and survival. Kaplan-Meier survival curves were plotted according to PIK3CA or ERBB2 mutation status ( Figure 3 ). In the case of PIK3CA ( Figure 3A ) or ERBB2 ( Figure 3B ) mutation, both diseasefree survival (DFS) and overall survival (OS) curves shifted down. Although there was a tendency toward lower survival in patients with gene mutation (median OS: 76.2 months for wild-type vs. 20.8 months for PIK3CA mutation; 70.9 months for wild-type vs. 20.8 months for ERBB2 mutation), the association was not statistically significant.
Discussion
Salivary duct carcinoma is an aggressive subtype of salivary gland cancers with histologic similarities to ductal breast carcinoma. Although patients can receive effective therapy including surgical resection followed by radiation therapy or chemotherapy, the high recurrence rate results in poor prognosis [4, 7] . The most active single agents for SDC include cisplatin, cyclophosphamide, doxorubicin, and 5-FU. Response rates for combination chemotherapy are reported to be 15-50% [7] . Given the lack of promising therapeutics in SDC, in this study we aimed to investigate molecular features that can predict responses to therapy and characterize molecular markers for SDC by evaluating genetic status. Consistent with previous studies, our patient population consisted mostly of males (75%) older than 50 years, who presented with advanced disease (stage IV: 44%). In this cohort, we identified a number of mutations and CNVs in several genes. Among these, oncogenic PIK3CA showed a high incidence of mutations in SDC patients (24.3%). The PI3K axis plays a critical role in tumorigenesis and the availability of small molecular inhibitors of this pathway renders it an attractive therapeutic target [13] . Recently, somatic mutations in PIK3CA have been identified in a variety of human tumors. Most of the reported mutations of PIK3CA are clustered in exons 9 and 20 of the gene [14, 15] , where three hotspot mutations (E542K, E545K, and H1047R) reside. Two of these hotspot mutations (E542K and E545K) are located in the helical domain (exon 9) whereas H1047R is located in the kinase domain (exon 20) of the PIK3CA protein. All three hotspot mutations have been proven to be oncogenic and are associated with poor clinical outcomes [16] [17] [18] . In our study, five patients had hotspot mutations in PI3KCA (one each with E542K and E545K, and three with H1047R). These results are consistent with recent studies that reported PIK3CA mutations in SDC [19] [20] [21] . In addition to gain-of-function mutations, PIK3CA is activated through gene amplifications in several cancers [18, 22, 23] . However, the nCounter CNV assay revealed no significant amplification of PIK3CA in SDC patients in this study (Figure 2 ). In addition to PIK3CA alterations, the phosphatase and tensin homolog (PTEN) also activates the PI3K pathway, and PTEN deletion was recently reported in SDC by FISH analysis [21, 24] . We found 10 PTEN mutations in 5 out of 37 cases of SDC. Because of the limited amount of available tissue we could not determine whether these alterations of PIK3CA or PTEN are associated with aberrant protein expression and subsequent activation of the PI3K pathway. However, a previous study reported that PIK3CA amplification appears to be exceedingly rare in SDC, and that PIK3CA mutation may be seen simultaneously with PTEN loss [21] . Further study is required to assess whether PIK3CA mutation could be the predictor of poor prognosis in SDC.
In addition to the histologic resemblance, SDC is similar to breast ductal carcinoma regarding overexpression of ERBB2 and EGFR in many cases [25] [26] [27] [28] [29] [30] . ERBB2 gene amplification and protein overexpression occurs in 20-30% of breast cancers and is reported to be a significant predictor of poor prognosis [31] . Similarly, the majority of cases of SDC appear to strongly overexpress ERBB2. Consistent with previous studies, the majority of our cohort exhibited strong (copy number ≥10) amplification of ERBB2. The high concordance between immunohistochemistry and FISH analyses suggests that gene amplification is the most important mechanism for ERBB2 overexpression in this tumor [25, 28, 32, 33] . These findings all point to a potential role for trastuzumab, an anti-ERBB2 antibody, in the treatment of SDC. Several studies have reported clinical results of treatment with trastuzumab in combination with chemotherapy [9, 30, 34] . In these studies, selected SDC cases with ERBB2 amplification successfully treated with trastuzumab. However, until now ERBB2 mutations had not been identified in patients with SDC. It is therefore noteworthy that we found ERBB2 mutations in 4 of 37 patients. All these mutations were in exons 17-19 (Table 2) . Although the functional relevance of these mutations has not been identified, patients with ERBB2 mutation had a shorter median OS time than those without (20.8 vs. 70.9 months). This finding suggests that in a subset of SDC patients, the presence of ERBB2 mutation represents a more attractive potential therapeutic target than ERBB2 amplification.
It has been reported that EGFR overexpression is a poor prognostic factor in head and neck squamous cell carcinoma [35, 36] . Moreover, cetuximab, an anti-EGFR monoclonal antibody, and/or gefitinib, an ATP-competitive EGFR tyrosine kinase inhibitor (TKI), have been studied in various types of salivary gland carcinoma [4, [37] [38] [39] , but not in SDC. EGFR activation and downstream signaling leads to increased cell proliferation and survival. Activating EGFR mutations are well described in non-small cell lung cancer and have been reported in various cancers of the salivary glands [25, 39, 40] . EGFR mutations are usually localized within two hotspots in the kinase domains, specifically a deletion in exon 19 and an L858R point mutation in exon 21. In addition, rare mutations have been discovered elsewhere in the kinase domain, including insertions in exon 20 [29] . In this study, we observed 7 EGFR mutations in 4 of 37 SDC patients. One of these mutations (V765M) is in exon 20 and the others (A859T, A864V, E865K, E866K, A871T, and G874S) are in exon 21. Although those are not well-known hotspot mutations, their close proximity to L858R suggests that they may play a role in SDC progression.
Conclusions
In conclusion, we identified mutations in several genes including PIK3CA, ERBB2, and EGFR and significant gene amplification of ERBB2 in SDC. Given the small number of cases in this study, the significance of specific mutation types, mechanism of gene amplification, and their relationship to other abnormalities has to be elucidated in larger studies. In Kaplan-Meier analysis using PIK3CA and ERBB2 genes, the presence of mutations showed a higher correlation with overall survival than copy number variation. Although the importance of these mutations in SDC is still unchallenged, our results suggest that further studies of these mutations may identify a new therapeutic candidate and aid development of an effective treatment strategy in SDC.
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